Monkeypox (MPXV) and cowpox (CPXV) are emerging agents that cause severe human infections on an intermittent basis, and variola virus (VARV) has potential for use as an agent of bioterror. Vaccinia immune globulin (VIG) has been used therapeutically to treat severe orthopoxvirus infections but is in short supply. We generated a large panel of orthopoxvirus-specific human monoclonal antibodies (Abs) from immune subjects to investigate the molecular basis of broadly neutralizing antibody responses for diverse orthopoxviruses. Detailed analysis revealed the principal neutralizing antibody specificities that are cross-reactive for VACV, CPXV, MPXV, and VARV and that are determinants of protection in murine challenge models. Optimal protection following respiratory or systemic infection required a mixture of Abs that targeted several membrane proteins, including proteins on enveloped and mature virion forms of virus. This work reveals orthopoxvirus targets for human Abs that mediate cross-protective immunity and identifies new candidate Ab therapeutic mixtures to replace VIG.
INTRODUCTION
Naturally occurring members of the Orthopoxvirus genus, cowpox virus (CPXV), monkeypox virus (MPXV), and variola virus (VARV), cause severe infections in humans. VARV exclusively causes human infections, with an estimated 300-500 million deaths during the 20 th century before the initiation of the global smallpox vaccination campaign (Smith and McFadden, 2002) . MPXV and CPXV are emerging zoonotic infections with a sporadic occurrence worldwide (McCollum et al., 2015; Reed et al., 2004; Vorou et al., 2008) . There is no licensed specific treatment for these infections, and the only method of prevention is vaccination using vaccinia virus (VACV). Vaccination against smallpox was discontinued in the late 1970s, leaving a large proportion of the current human population vulnerable to orthopoxviruses. The fear that smallpox could potentially re-emerge following a bioterror or biowarfare action (Smith and McFadden, 2002) , the sporadic outbreaks of zoonotic MPXV and CPXV, and the increasing prevalence of immunocompromised individuals who cannot be vaccinated safely (Kemper et al., 2002) , has stimulated renewed interest in research on orthopoxvirus protective immunity and treatment.
Orthopoxviruses have a large and complex proteome containing over 200 proteins. During infection, the virus exists in two antigenically distinct forms, designated mature virions (MV) or enveloped virions (EV), which contain 25 or 6 surface proteins, respectively (Moss, 2011) . MPXV and VARV are select agents and subject to the U.S. select agent regulation 42 CFR part 73. Various orthopoxvirus species share many genetic and antigenic features (Hughes et al., 2010; Ichihashi and Oie, 1988; Stanford et al., 2007) , and an infection with an orthopoxvirus of any one species may confer substantial protection against infection with the other orthopoxviruses (McConnell et al., 1964) . Vaccination with VACV protects against disease caused by VARV, MPXV, or CPXV (Hammarlund et al., 2005) . The immunologic mechanisms underlying cross-protection by immunization with VACV likely are diverse, but include neutralizing antibodies (Moss, 2011) . A critical role for antibodies (Abs) in orthopoxvirus immunity was suggested by historical cases in which passive transfer of serum from VARV-or VACV-immune subjects protected exposed individuals against smallpox (Kempe et al., 1961) . Recent studies in non-human primate or murine models of experimental infection showed that polyclonal Abs are necessary and sufficient for protection against lethal challenge with MPXV or VACV (Belyakov et al., 2003; Edghill-Smith et al., 2005) . The level of neutralizing activity in immune serum is thought to be the best laboratory predictor of protective immunity to orthopoxvirus infections in humans (Mack et al., 1972) . Human vaccinia immune globulin (VIG) has been used for the prevention and treatment of some smallpox and vaccine-related complications with limited success (Wittek, 2006) ; Food and Drug Administration (FDA) indications only address use for complications following vaccinia inoculation. The level of efficacy is uncertain due to lot-to-lot variation in potency and a lack of understanding of the molecular determinants of protection.
Percutaneous inoculation with VACV elicits a broad and heterogeneous serum Ab response that targets a large number of antigenic determinants of VACV (Davies et al., 2005a (Davies et al., , 2007 . The viral inhibitory activity of serum from immune subjects with cross-neutralizing activity to VACV, MPXV, and VARV likely is composed of Abs to diverse specificities (Hughes et al., 2012; Kennedy et al., 2011) . Abs in VIG recognize many antigen targets, including surface proteins of both EV and MV virion forms of VACV (Davies et al., 2005a) . Study of polyclonal Abs in orthopoxvirus-immune sera of rabbits revealed the pattern of recognition for each orthopoxvirus was unique, but also suggested that different orthopoxvirus species shared common neutralizing determinants (Baxby, 1982) . Studies in murine infection models identified targets for neutralizing and protective mouse monoclonal Abs (mAbs), which included the MV surface proteins A27, L1, H3, D8, A28, A13, A17, and the EV surface proteins B5 and A33 (Moss, 2011) . Protection of mice against systemic and respiratory infection with murine Abs required clones specific to antigens of both MV and EV forms of VACV (Lustig et al., 2005) . These studies suggest complex patterns of recognition by Abs protecting against infection and disease in experimental animal models, but the molecular basis for neutralization and cross-reactive orthopoxvirus immunity in humans is poorly understood. Moreover, the principal mAb specificities that are necessary and sufficient for protective immunity to orthopoxviruses in the human B cell response remain unknown.
Here, we report the isolation of large numbers of naturally occurring human mAbs from the blood cells of human subjects with a history of prior orthopoxvirus vaccination or infection. We used these mAbs to determine the basis for potent neutralizing Ab activity and breadth of cross-reactivity to VACV, CPXV, MPXV, and VARV. The data reveal Ab specificities contributing to optimal levels of cross-neutralizing potency. We also identified antibody activities in in vitro assays that serve as correlates of protection for the extent of in vivo protection observed in small animal models of lethal infection. The studies show that the critical features of Ab-mediated protection against orthopoxvirus infection include the need for a mix of Abs that recognizes both EV and MV forms of virion particles, a mixture of Abs to diverse proteins on each of those particle forms, and the presence of complement. The studies also suggest novel potent and broadly neutralizing candidate mixtures of mAbs for therapeutic use in humans to replace VIG.
RESULTS

Orthopoxvirus Infection in Humans Elicits a Complex B Cell Response Encoding Large Numbers of Clones
Reactive with Antigens from Diverse Orthopoxvirus Species We obtained peripheral blood mononuclear cells (PBMCs) from a donor who had recovered from a naturally occurring MPXV infection or from otherwise healthy subjects previously immunized with one of three different vaccine formulations (Table S1 ), IMVAMUNE (live attenuated modified vaccinia Ankara virus), Dryvax (a freezedried calf lymph produced vaccinia virus), or ACAM2000 (Vero cell culture produced vaccinia virus) (Verardi et al., 2012) . To identify orthopoxvirus-specific B cell cultures, PBMCs were transformed with Epstein-Barr virus, and the supernatants from the resulting lymphoblastoid cell lines were screened by ELISA for binding to orthopoxvirus antigens. Hybridomas secreting human antigen-specific mAbs were generated from B cell lines secreting virus-specific antibodies, as previously described (Crowe, 2009) . Because orthopoxviruses have so many protein components, we used complementary screening approaches to identify orthopoxvirus-specific mAbs. In one approach, we assessed hybridoma cell line supernatants for reactivity to each of 12 recombinant VACV protein antigens designated A21, A27, A28, A33, B5, D8, F9, J5, H2, H3, L1, and L5. The A33 and B5 proteins are surface antigens on the EV form of virus, while the remaining ten proteins are surface antigens on MV particles. In addition, we also screened for mAbs that bind to inactivated lysates of VACV-, CPXV-, or MPXV-infected cell monolayer cultures.
A total of 89 cloned hybridoma cell lines secreting human mAbs was isolated, including 44 lines from vaccinees and 45 from the donor with a history of MPXV infection (Table S1 ). The 89 mAbs were independent clones that displayed a high degree of sequence diversity, including a unique HCDR3 sequence for each mAb (Table S2) . Thirty-two mAbs in the panel bound in ELISA to inactivated VACV-infected cell lysates only and thus their protein antigen specificity was uncertain initially. Binding of these mAbs was reassessed using VACV protein antigen microarrays, which revealed additional mAbs specific to D8, H3 A21, A25, H5, and I1 VACV proteins. Therefore, the mAb panel contained Abs to at least 12 antigens: D8, B5, A33, H3, L1, A27, I1, A25, F9, A28, A21, and H5 ( Figure 1A ). The majority (62 of 89 [70%]) of purified mAbs reacted to one of six VACV antigens that were reported previously as major targets for neutralizing Abs in mice or humans (Moss, 2011) , specifically A27, H3, D8, L1, B5, and A33. Sixteen percent (14 of 89) of mAbs in the panel reacted with VACV-infected cell lysate but not with a recombinant protein antigen, therefore they remain of unknown specificity ( Figure 1A ). MAbs that targeted the antigens VACV D8 and B5 were over-represented in the panel (35 of 75 mAbs) accounting for 47% of mAbs with known antigen specificity. Further analysis revealed several competition-binding groups among Ab specificities that bind to H3 or D8 antigens ( Figure S1 ), indicating the presence of mAbs to several antigenic sites on these antigens.
We next assessed the cross-reactivity of individual VACVreactive mAbs to CPXV, MPXV, or VARV by testing binding to CPXV-, MPXV-, or VARV-infected cell lysates or to recombinant VARV protein antigens that are orthologs of the identified VACV targets. A large fraction (45 of 73 [62%]) of mAbs that bound to VACV antigens in virus-infected cell lysate ( Figure 1B ) bound in a cross-reactive manner to the virus-infected lysates of all four Orthopoxvirus species tested, and the majority (70 of 73 [96%]) of mAbs cross-reacted with at least two orthopoxviruses (Figure 1C ; Table S3 ). Remarkably, a large fraction (47 of 71 tested [66%]) of the mAbs with an established protein antigen specificity for VACV cross-reacted with the orthologous VARV antigens ( Figure 1D ; Table S3 ). The mAbs bound to recombinant antigens and/or infected cell lysates in a concentration-dependent manner ( Figure S2 and data not shown), and the majority of them possessed half maximal effective concentration (EC 50 ) binding values of 1 mg/mL or lower, confirming their antigen-specific binding phenotype (Table S4) . Therefore, the majority of mAbs in the panel exhibited binding patterns that suggested the potential to neutralize several Orthopoxvirus species that are infectious for humans. ( Figure 2A ). Of note, neutralizing activity for the majority of these Abs required complement (Table S5 ). Most (46 of 48 [98%]) of the neutralizing mAbs recognized one of six proteins, D8, L1, B5 A33, A27, or H3 ( Figure 2B ). Two remaining mAbs were from the subject with prior wild-type MPXV infection and recognized I1 or an undetermined MPXV antigen (Table S5) .
A majority (38 of 48 [79%]) of neutralizing mAbs cross-neutralized at least two Orthopoxvirus species (mainly VACV and CPXV) and 12 of 48 (25%) mAbs neutralized three orthopoxviruses-VACV, CPXV, and MPXV ( Figure 2C ). Regardless of their antigen specificity, the neutralizing mAbs varied widely in their neutralization potency. IC 50 values of individual mAbs ranged from 0.02 to 100 mg/mL, and E max values varied from 50% (the designated cut-off threshold to identify potent neutralizing clones) to 99.5% ( Figure 2D ; Table S5 ). Most of the neutralizing mAbs reduced plaque number only by 60%-80% at the highest tested concentration, regardless of antigen or form of virus targeted. The neutralizing activity of MV-targeted anti-D8, L1, A27, or H3, and EV-targeted anti-B5 mAbs were similar for VACV and CPXV, and two of six VACV and MPXV-neutralizing anti-A33 mAbs neutralized CPXV. None of the anti-D8 or anti-B5 mAbs neutralized MPXV, despite the ability of these mAbs to bind the corresponding MPXV ortholog protein (Tables S4 and S5 ). In contrast, the broadest cross-neutralizing activity (neutralization of VACV, CPXV, and MPXV), was detected in mAbs directed to A33, L1, A27, or H3 antigens ( Figure 2D ). Cross-neutralizing mAbs were isolated from most orthopoxvirus-immune subjects (Table S5) . Together, our data indicate that mAbs induced by VACV immunization or MPXV infection that recognize any of six neutralizing determinants can inhibit several Orthopoxvirus species and also suggest that the broadest cross-neutralization is mediated predominantly by four Ab specificities.
Mixtures of Diverse mAb Specificities Possess Superior
Cross-Neutralizing Activity for VACV, CPXV, MPXV, and VARV We next designed two mixtures of mAbs, designated MIX6 and MIX4, containing diverse specificities with high neutralizing (low IC 50 and high E max values) and cross-neutralizing activities to both MV and EV forms of virus ( Figure 2D ; Table S5 ). MIX6 contained single neutralizing mAbs directed to each of six antigens that targeted by neutralizing mAbs-MV proteins D8, A27, H3, and L1, and EV proteins B5 and A33. MIX4 was similar to MIX6, containing mAbs to A27, L1, B5, and A33, but lacked anti-D8 and H3 mAbs (Table S6 ) that were found to be nonprotective in the lower respiratory tract infection model (detailed below). Both mixtures included four mAbs that exhibited similar binding for VACV proteins and the corresponding VARV protein orthologs ( Figure S2 ). The neutralizing activity of MIX6 and MIX4 for VACV were higher than that of individual mAbs or VIGIV ( Figure 3A ). Moreover, MIX6 and MIX4 cross-neutralized VACV, CPXV, MPXV, and VARV more potently than did VIGIV in EV and MV neutralization assays (Figures 3B and S3 ; VARV could only be tested in the MV assay, without complement). Therefore, neutralization and cross-neutralization are more efficiently achieved with mixtures of diverse mAbs specificities than with individual potently neutralizing mAbs. lenge of C57BL/6 mice with VACV provided complete protection against weight loss and mortality ( Figure 4A ). Mocktreated mice experienced severe illness and succumbed by day 7 post-inoculation (p.i.). The protection was associated with a profound (10 6 -fold) reduction of viral load in the lungs on day 7 p.i., when compared to the mock-treated group (Figure 4B) . Notably, the level of protection provided by MIX6 was comparable to, if not higher than, that provided by prior immunization with a sub-lethal dose of VACV. In contrast, pre-treatment with VIGIV did not protect mice under the challenge conditions used. These mice were unable to control VACV replication in the lungs and succumbed by day 7 p.i., similarly to the mock-treated group ( Figure 4B ). These data indicate a high prophylactic potency of MIX6 for prevention of respiratory tract infection.
To further characterize the protective efficacy of MIX6, we tested it in a lethal model of systemic VACV dissemination using severe combined immunodeficiency (SCID) mice that lack adaptive immune responses but retain a functional complement system (Bosma and Carroll, 1991) . Initially, we assessed the prophylactic effect of MIX6 given to mice by the intraperitoneal (i.p.) route 1 day prior to lethal i.p. virus challenge. Remarkably, single-dose pre-treatment with MIX6 provided sterilizing immunity in this model ( Figure 4C ). Mice pre-treated with a human mAb of irrelevant specificity succumbed to the disease by day 20 p.i., when the group of animals pre-treated with MIX6 was completely protected from death and any signs of disease. Clearance of human mAbs from animal blood rendered healthy mice susceptible to VACV re-infection ( Figures 4C and 4D ), demonstrating that the sterilizing immunity observed during primary VACV infection was mediated solely by the administered MIX6.
In summary, these findings demonstrate the high prophylactic potency of MIX6 for prevention of respiratory and systemically disseminated VACV infections.
Four Principal Antibody Specificities Participated in Protection against Respiratory VACV Challenge when Used in Mixture
We next determined the contribution of individual mAbs within MIX6 by assessing the protective capacity of single mAbs or their mixtures (Table S6 ). Both of the EV-targeted antibodies, anti-A33 and -B5, protected B6 mice from death and severe weight loss when administered alone or as a mixture (MIX6(DMV)) 1 day before IN VACV challenge. In contrast, none of the MV-targeted mAbs, or their mixture (MIX6(DEV)), protected mice in the same conditions (Figures 5A and S4) . A possible explanation for this result was that the VACV challenge conditions used in this model are quite stringent and likely do not allow detection of moderate levels of protection by some mAbs. The other possibility was that the selected mAb clones may bind to non-protective epitopes of their antigens. To investigate further, we assessed protection using a less severe upper airways infection mouse model (Figure S5A ). These conditions resulted in milder disease and less mortality. In addition, anti-D8 and H3 mAbs were tested as mixtures of five or three different epitope specificities that incorporated mAbs from different competition-binding groups for D8 or H3 antigens, respectively. These single antigen-specific mixtures thus recognized diverse epitopes in D8 or H3 antigen. In this less stringent challenge setting, anti-A27 mAbs prevented mortality and severe weight loss, showing these mAbs may contribute to the protective efficiency by MIX6. Anti-L1 mAbs and mixtures of anti-D8 or anti-H3 mAbs still were not protective ( Figure S5A ). Therefore, these monotherapy studies suggested three protective human mAbs specificities in this model-anti-B5, anti-A33, and anti-A27.
It was possible that some of the six Ab specificities contributed to protection in mixtures only in a cooperative manner that would not be detected by monotherapy studies. To detect such activity, we designed mixtures that were variants of the MIX6 that each lacked one mAb specificity (Table S6) Table S6 . (B) Cross-neutralizing activity of MIX4, MIX6 and VIGIV for VACV, CPXV, MPXV, or VARV (only the MV form was tested for VARV). Data represent one of two independent experiments, shown as mean ± SD of assay triplicates. See also Figure S3 .
variant mixtures lacking one of the mAbs was protective, although mixtures lacking anti-L1, anti-A27, anti-A33, and anti-B5 were less efficient in protection against weight loss than MIX6 ( Figure 5B ). Removal of the protective MV-targeted anti-A27 mAb from MIX6 did not affect the outcome of challenge substantially. However, exclusion of the MV-targeted anti-L1 mAb from MIX6 resulted in detectable weight loss upon infection, which was comparable to that seen when mice were pre-treated with Mix6 lacking either of the most potent EV-targeted mAbs (anti-A33 or anti-B5) identified in the monotherapy studies ( Figures  5A and 5B). Moreover, MIX4 containing anti-L1, anti-A27, anti-B5, and anti-A33 mAbs conferred a level of protection equivalent to that of MIX6 ( Figure 5C ). Therefore, the mAbs in MIX4 appear to cooperate in achieving their protective effect.
One possible explanation for the diminished protection observed when a mAb mixture lacked a single MV-or EV-targeted mAb specificity was the decrease in total amount of mAb per treatment. Therefore, we next examined whether the lack of one mAb specificity in protective MIX4 could be compensated by using a mixture containing the same total amount of Ab by adding an equivalent amount of one of the retained mAb specificities targeting the same virion form. The monotherapy results suggested higher potency of anti-A33 and anti-A27 mAbs when compared to the EV-or MV-specific anti-B5 and anti-A27 mAbs ( Figures 5A and S5A) . Therefore, groups of mice were treated before VACV challenge with a variant of MIX4 that contained a 2-fold higher amount of the anti-A27 or anti-A33 mAb and lacked anti-L1 (designated as MIX4(DL1)), or anti-B5 (designated as MIX4(DB5)) mAb, respectively. An excess of anti-A27 or anti-A33 mAb did not restore the initial activity of MIX4 in absence of mAbs with anti-L1 or anti-B5 specificities, although the effect was minor under the challenge conditions used ( Figure 5C ). However, in more stringent challenge conditions, mice pre-treated with MIX4 exhibited significantly higher resistance to the disease and recovered faster compared to mice that received the MIX4 (DB5) containing a 2-fold higher amount of anti-A33 mAb ( Figure S5B ). This finding suggested MIX4 as a potent therapeutic mixture. Together, these results showed that four principal mAb specificities in MIX4 contributed to, and were required for, efficient protection against lethal respiratory tract VACV infection in the mouse model.
Therapeutic Effect of MIX6 when Given Up to 3 Days after Infection by the Respiratory Route
We next determined how long after respiratory infection MIX6 would exhibit a therapeutic effect, when treatment was delayed. For these studies, mice were immunized passively with MIX6 one day before or on the day of virus challenge, or 1, 2 or 3 days after virus challenge ( Figure 6 ). As expected, the treatment was most efficient when administered before disease onset. Mice given MIX6 showed significant protection from weight loss if the treatment was given 1 day before, on the day of challenge or 1 day after infection. When the treatment was delayed until day 3, the time point when untreated animals developed disease due to profound virus burden in the lungs (data not shown), we observed protection from death, but only partial protection from weight loss (Figure 6 ). These data demonstrated that MIX6 mediated a therapeutic effect even when treatment was delayed, especially against lethality.
Diverse Human Ab Specificities Participate in Protection against Systemic VACV Infection The experiments described above showed that a single dose of MIX6 given prior to systemic inoculation with a lethal dose of VACV conferred sterilizing protective immunity in SCID mice, which lack adaptive immunity ( Figure 4C ). Using this model, we next assessed the efficacy of monotherapy with individual mAbs, MIX6, or VIGIV that were given to mice 1 day after inocu- lation with a lethal dose of VACV (Figure 7) . Similar to the respiratory challenge study, anti-H3 or anti-D8 mAbs were used as mixtures of several epitope specificities. Each of the Abs tested, including those identified as non-protective in respiratory tract infection, delayed morbidity and mortality in mice when compared to the animals in the mock-treated group. Moreover, delayed treatment with MIX6 conferred sterilizing immunity to inoculated mice, which all survived and lacked signs of illness for >155 days after VACV inoculation ( Figures 7A and  7B) . Together, these results demonstrated a high therapeutic potency of MIX6 and showed that diverse mAbs specificities may contribute to protection against systemically disseminated VACV infection.
DISCUSSION
In this study, we elucidated the breadth and specificity of human cross-neutralizing mAbs against the clinically relevant orthopoxviruses VACV, CPXV, MPXV, and VARV. In addition, we identified the principal protective specificities for human mAbs and demonstrated that superior protection in mouse challenge models could be achieved with a defined mAb mixture that targeted a limited number of orthopoxvirus protein antigens.
Studying protective antibody-mediated immunity for orthopoxvirus infections has been challenging because of the lack of clonal human Abs representing the naturally occurring human B cell response to orthopoxvirus infection or immunization. In the current work, using a cohort of orthopoxvirus-immune subjects, we showed that orthopoxvirus infection elicits a complex B cell response encoding large numbers of clones reactive to antigens from diverse orthopoxvirus species. Further analysis of individual clones revealed the importance of six major neutralizing (legend continued on next page) mAb specificities that targeted both MV (anti-H3, anti-A27, anti-D8, and anti-L1) and EV (anti-B5 and anti-A33) infectious forms of orthopoxvirus and required complement for optimal activity. The presence of complement enhanced the inhibitory activity of mAbs targeting most neutralizing determinants, suggesting a major component of complement-dependent mechanisms underlying the protection in vivo mediated by neutralizing Abs elicited in response to orthopoxvirus infection.
In studies of human mAbs to other viruses, such as HIV, influenza, or dengue virus, we have found that the percentage of neutralizing mAbs among the total number of mAbs induced by infection or vaccination varies according to the agent. For example, typically <1% of the mAbs induced by dengue virus infection neutralize virus , whereas a large proportion of influenza-specific mAbs neutralize (Thornburg et al., 2013) . For orthopoxviruses, we found here that a high fraction of the mAbs from our panel (54%) possessed neutralizing activity. Given the high level of sequence homology among the surface proteins from VACV, CPXV, MPXV, and VARV (89%-100%), such a robust and diverse neutralizing Ab response likely explains the efficient cross-protection induced by VACV immunization against heterologous orthopoxvirus infections. Our finding that a large fraction of orthopoxvirus-specific mAbs of the panel exhibited cross-binding and/or cross-neutralizing activity for VACV, CPXV, MPXV, and VARV further substantiates this model. The broadest cross-neutralization was achieved by mAbs targeting four antigens in the MV or EV forms of VACV, namely A33, A27, L1, and H3 (or the ortholog proteins in the other three viruses), thus identifying the principal determinants of Ab-mediated cross-protective immunity to orthopoxviruses.
Information about the protective potential of human Abs has been limited mostly to the study of varying lots of VIGIV, which has been used with partial success for post-exposure treatment and for management of some severe adverse reactions to smallpox vaccination (Wittek, 2006) . Multiple antigen specificities appear to contribute to neutralization of the MV form of VACV by VIGIV or immune serum IgG (Benhnia et al., 2008; Moss, 2011) . Abs to B5 were thought responsible for much of the neutralization activity against VACV EV forms of virus (Bell et al., 2004) . Animal studies suggested that protection is not readily achieved by administration of a single neutralizing mAb and requires both EV-and MV-targeted mAbs (Lustig et al., 2005) . Reconstituting (or improving) the protective activity of VIGIV with mAbs has been attempted empirically, using a mixture of anti-H3 and anti-B5 mAbs (McCausland et al., 2010) , or a complex mixture of 26 human mAbs directed to 14 antigens (Lantto et al., 2011; Zaitseva et al., 2011) . Our data suggest that a mixture containing mAbs of only two specificities (anti-H3 and anti-B5) likely would fail to cross-protect efficiently, because we observed that anti-B5 mAbs fail to neutralize the EV form of MPXV. In contrast, the previous mixture of 26 mAbs likely includes redundant or noncontributory mAbs, because this composition contains a number of mAbs that are directed to antigenic specificities without an apparent role in cross-neutralization or protection. To make a potent neutralizing and protective human Ab mixture by rational design that recognizes the four major orthopoxvirus threats to humans, we combined potent cross-neutralizing human mAbs targeting six major orthopoxvirus antigenic proteins: the MV antigens H3, A27, D8, and L1 and the EV antigens B5 and A33. Remarkably, MIX6 or its derivative MIX4 cross-neutralized all four clinically relevant orthopoxviruses, including live VARV, and exhibited superiority compared to conventional VIGIV.
Orthopoxviruses transmit by several routes of infection and cause diverse clinical syndromes in humans (Smith and McFadden, 2002) , which can be modeled in part using different animal models (Chapman et al., 2010) . We sought here to compare the prophylactic and treatment efficiency of human mAbs and their mixtures in several well-established VACV lethal challenge murine models using either mild or severe respiratory tract infection or, alternatively, systemic inoculation resulting in disseminated infection (Belyakov et al., 2003; Flexner et al., 1987; Wyatt et al., 2004) . The resulting data revealed that the contribution of individual specificities to protection varied depending on the route of virus inoculation. Four specificities (anti-A33, anti-B5, anti-L1, and anti-A27), contributed significantly to protection against respiratory tract infection, while in contrast, all six tested specificities contributed to protection in the model of systemic infection. Moreover, we observed that the major contribution to protection in both models was provided by EV-targeted anti-B5 and anti-A33 human mAbs, consistent with previous studies of mouse mAbs (Lustig et al., 2005) . Thus, cross-protection against all clinically important orthopoxviruses is most likely achieved (C) Protective capacity of mixtures based on MIX4, MIX4 lacking anti-L1 mAb but with a 2-fold excess of anti-A27 mAb, or MIX4 lacking anti-B5 mAb but with a 2-fold excess of anti-A33 mAb. Data shown indicate mean ± SEM from one of two independent experiments using five to ten mice per group. mAb mixtures designations are listed in Table S6 . See also Figures S4 and S5 . -1) , or on the day of (d0), or day 1 to day 3 (d1-d3) after lethal IN challenge with VACV. The control group included mice pre-treated one day before challenge with 1.2 mg of an anti-dengue virus mAb. The body weight loss kinetics are shown for 14 days around the time of infection and treatment. Data are presented as mean ± SEM, using five to ten mice per group. Percent indicate survival based on endpoint criteria for euthanasia.
when incorporating both EV-neutralizing anti-B5 and anti-A33 mAbs, which may compensate for some species cross-neutralization deficiencies of the other. MIX6 and MIX4 exhibited superiority in protection against VACV compared to VIGIV, suggesting novel efficient mixtures of mAbs for therapeutic use in humans. In summary, the findings presented here reveal the fundamental mechanisms underlying efficient cross-protective antibodymediated immunity to orthopoxviruses in humans.
Limitations, Caveats, and Open Questions
Using naturally occurring human mAbs isolated by hybridoma technology, this study revealed six principal cross-neutralizing human mAb specificities for VACV, CPXV, MPXV, and VARV. We next showed that these Ab specificities that are necessary and sufficient determinants of protection in murine challenge models. This work suggests that a mixture of these Abs could mediate cross-protective immunity to orthopoxviruses. As with most studies, there are several limitations of this work that we would like to point out.
The antibody discovery platform used likely allowed us to identify mAbs only from the most frequent classes of B cell memory clones that occur in human peripheral blood. Therefore, less frequent clones could be missing from our analysis.
It remains unknown to what extent the B cell memory repertoire in the blood that we have studied corresponds to the antigen-reactive antibody protein repertoire in the serum that is secreted by long-lived plasma cells in the bone marrow. Future proteomics studies using emerging technologies might be able to address this question. Future development for use in humans of individual mAbs or mixtures described here against VACV, CPXV, and MPXV or VARV should include studies of larger animal models, such as non-human primates.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for reagents may be directed to, and be fulfilled by the corresponding author: James E. Crowe, Jr. (james.crowe@vanderbilt.edu). Materials described in this paper are available for distribution under the Uniform Biological Material Transfer Agreement, a master agreement that was developed by the NIH to simplify transfers of biological research materials.
EXPERIMENTAL MODEL AND SUBJECT DETAILS Donors
PBMCs were obtained from subjects vaccinated with Dryvax (Wyeth), IMVAMUNE (Bavarian Nordic), or ACAM2000 (Acambis). The VRC 201 study was approved by the NIAID IRB under the intramural number 02-I-0316. The ClinicalTrials.gov number was NCT00046397. One sample was obtained from a U.S. survivor of naturally acquired MPXV infection (Lewis et al., 2007) . The studies were approved by the Institutional Review Boards of Vanderbilt University Medical Center, Oregon Health Sciences University, and the National Institute of Allergy and Infectious Diseases. 
Antigens
Recombinant VACV proteins A27, A33, L1, B5, A28, L5, A21, H2, F9, J5, and VARV proteins I2, A31.5, A36, M1, B6, A31 were produced using a baculovirus expression system or purchased from BEI Resources. Truncated monomeric D8 protein was kindly provided by Dr. D. M. Zajonc and Dr. Y. Xiang. Recombinant VACV H3 protein was kindly provided by Dr. Crotty. DNA encoding the MPXV ortholog of the A27 VACV protein was purchased from BEI Resources. H3 and D8 protein orthologs of VARV were produced after WHO approval, as described previously (Davies et al., 2005b; Matho et al., 2012) . Cell lysates infected with VACV (NYCBOH), CPXV, MPXV were prepared and inactivated as described previously (Amanna et al., 2012) . For preparation of VARV-infected cell Table S2 e2 Cell 167, 684-694.e1-e4, October 20, 2016 lysate, RK-13 cells were inoculated with VARV at the CDC at an MOI of 1 and incubated for 48 hrs at 55.5 C. Harvested cells were resuspended in 1 mM Tris buffer, lysed by two freeze/thaw cycles, followed by sonication three times at 160 watts for 1 min. VARV was inactivated by gamma irradiation using three times the kill dose on dry ice, where one kill dose equals 4.4 3 10 6 rads. A VACV-WR protein array was acquired from Antigen Discovery. The VARV protein microarray was prepared as described previously (Davies et al., 2005b) .
METHOD DETAILS Generation of Human Hybridomas
Human hybridomas were generated as described previously (Crowe, 2009) . Briefly, cryopreserved samples were transformed with Epstein-Barr virus. Cultures were incubated in 384-well culture plates for 10 days and then expanded using cell culture medium containing irradiated heterologous human PBMCs (Nashville Red Cross). Plates were screened for VACV recombinant antigen-or VACVinfected cell lysate-specific antibody secreting cell lines using ELISA. Cells from wells with supernatants containing Abs that reacted to antigen or infected cell lysate were fused with HMMA2.5 myeloma cells using an established electrofusion technique (Yu et al., 2008) .
ELISA
For screening ELISA, plates were coated with antigen at 1 mg/mL, or 1:400 dilution of a lysate in PBS. After blocking, plates were incubated with culture supernatants followed by incubation with anti-human IgG conjugated with alkaline phosphatase (Meridian, Life Science) or HRP (BD Pharmingen). Plates were developed and supernatants were counted as VACV-reactive or recombinant protein antigen-reactive if their absorbance was 2.5-fold above the background from wells containing medium or coated with uninfected cell lysate, respectively. For binding kinetics and cross-reactivity assays, purified mAbs were assessed at concentrations ranging from 100 mg/mL to 20 pg/mL, in triplicate. EC 50 values were determined using Prism 5.0 software (GraphPad) after log transformation of antibody concentration using sigmoidal dose-response nonlinear fit analysis with R 2 values greater than 0.85, as described previously (Thornburg et al., 2013) . Binding of purified mAbs to VARV-infected cell lysate was determined at a single dilution of 100 mg/mL, in triplicate.
Protein Arrays and mAb Target Analysis
The Orthopoxvirus (VACV strain WR) protein array was acquired from Antigen Discovery (ADI). The VARV protein microarray was fabricated in a similar manner as described previously (Davies et al., 2005b) . Briefly, individual open reading frames encoded by the viral genome were amplified and cloned into T7 expression vectors by homologous recombination. Proteins were produced using an Escherichia coli-based cell-free coupled transcription/translation reactions (RTS 100 kits; 5 Prime, Gaithersburg, USA) according to the manufacturer's instructions. Proteins were printed without further purification on nitrocellulose-coated glass slides (Whatman). Protein expression was monitored using hemagglutinin or His tags present on the protein termini; quantification of the amount of protein spotted was not possible. No-DNA control spots containing the reaction mixture but lacking template DNA were included throughout the array to correct for background binding to E. coli proteins found in the transcription-translation mixture. MAbs were probed on the VACV strain WR or VARV protein arrays at dilutions between 1:25 and 1:100, according to the manufacturer's instructions and reagents (ADI). Briefly, arrays were probed with antibody overnight at 4 C, then with biotin-conjugated goat anti-human antibodies for 1 hr at RT, then with a streptavidin-conjugated fluorophore for 1 hr at RT. Arrays were scanned using a GenePix 4100A scanner (Molecular Devices) with laser setting at 100% and photomultiplier (PMT) gain of 400. Image analysis was performed with GenePix Pro 5.0 software (Molecular Devices). Spot intensity was calculated as the median spot value minus local spot background. A secondary correction for background binding to E. coli proteins in the reaction mixture was done by subtracting an average of the no-DNA spots from the background-corrected spot value. Since mAb affinity, protein sequence conservation, and protein expression levels vary, a simple evaluation for highest fluorescent intensity, and a correlation between the two chips, if needed, was used to identify protein targets.
Biolayer Interferometry Analysis
Experiments were performed on an Octet RED biosensor instrument (Pall ForteBio; Menlo Park) essentially as described previously (Smith et al., 2014) . For competition-binding studies, mAb-antigen complexes were tested for the ability to bind a second mAb in sandwich assay. Briefly, biosensors were pre-wetted in running buffer containing DPBS, 0.1% BSA, and 0.05% Tween-20. Primary human mAbs were loaded onto Protein G biosensor tips (ForteBio) at a concentration of 105 mg/mL. After biosensors were incubated with recombinant protein solutions of D8 or H3 at concentration 90 mg/mL. Following by secondary human mAbs were loaded at concentration 105 mg/mL.
The extent of antibody-antigen association was determined as wavelength shift in nm and calculated as a percentage after normalization, where 0% was the wavelength shift in nm for self-blocking control and 100% was the maximal wavelength shift in nm. Experiments were performed in duplicate. Antibodies were considered to be members of the same competition-binding group if they competed for binding to antigen and exhibited a similar blocking pattern to other antibodies in the panel.
mAb Isotype and Gene Sequence Analysis
The isotype and subclass of secreted antibodies were determined using murine anti-human IgG1-IgG4 antibodies followed by secondary anti-mouse HRP-conjugated antibody (Southern Biotech). Nucleotide sequences of variable gene segments were determined by Sanger sequencing from cloned cDNA generated by reverse transcription PCR of mRNA, using variable gene-specific primers designed to amplify antibody genes from all gene families (Weitkamp et al., 2003) . Identity of the gene segments and mutations from the germline sequences were determined by alignment using the ImMunoGeneTics database (http://www.imgt.org) (Ruiz et al., 2000) .
mAb Production and Purification
Hybridoma cells secreting VACV-specific mAbs were grown in serum-free medium (GIBCO). MAbs were purified from culture supernatants using HiTrap MabSelect Sure or HiTrap Protein G columns (GE Healthcare).
Virus Neutralization Assays
Neutralizing activity of mAbs was determined using MV or EV forms of VACV strain NYCBOH, CPXV, or MPXV, or MV of VARV in a plaque reduction neutralization (PRNT) assay. Neutralization of VACV, CPXV, and MPXV MV particles, and MPXV EV particles was performed using 10% guinea pig complement (Rockland Inc.). Neutralization of VACV EV was performed using 10% baby rabbit complement (Cedarlane), and neutralization of VARV MV was performed without complement. For EV neutralization MV was depleted with blocking mAbs MPXV-26 and VACV-301, both at 20 mg/mL. For VACV and CPXV neutralization, 0.125 mL HBSS with 1% BSA containing 100 PFU of virus was incubated with 0.125 mL of serial two-fold dilutions of mAb for 60 min at 37
C and then applied to BSC-40 cell culture monolayers. Plates were incubated for 2 hrs, after which 0.5 mL of Opti-MEM I (Gibco) with 10% fetal calf serum was added. Plates then were incubated 24-48 hrs at 37 C, and plaques were visualized with crystal violet containing 3.7% formaldehyde. For MPXV neutralization 32-50 PFU of virus was incubated with serial two-fold dilutions of mAb for two hours at 37 C and then applied to Vero cell culture monolayers in 6 well plates. After a one-hour incubation, the cells were overlaid with 0.5% agarose in EMEM with 2.5% FBS, 20 mM glutamine and antibiotics and incubated for 4 days at 37 C, in 5% CO 2 , to allow for plaque formation. The agarose was removed and the monolayer was stained with 0.1% crystal violet in PBS containing 0.2% formaldehyde. Neutralization was performed in the presence of complement for all viruses except VARV MV. All experiments with live VARV were reviewed and approved by the World Health Organization Advisory Committee on Variola Virus Research (WHO ACVVR). Experiments with VARV were conducted in accordance with WHO ACVVR guidelines within a biosafety level 4 laboratory. Vero E6 cells were plated at 1 3 10 6 cells/well, in DMEM supplemented with 10% FBS, and incubated at 37 C with 6% CO 2 for 48 hrs. Antibodies were diluted in RPMI supplemented with 2% low IgG FBS (Gibco). All antibodies underwent 18 two-fold serial dilutions starting at 75 mg/mL while VIGIV started at 0.15 mg/mL. Variola virus strain Solaimen (VARV_BSH74_sol) was diluted to 150 PFU/mL and sonicated in a cup horn sonicator set at 40% for 1.5 min in an ice bath. The viral inoculum was added to each antibody dilution tube and then incubated rocking at 35.5 C and 6% CO 2 overnight. Plates were inoculated in duplicate and incubated for 1 hr at 35.5 C and 6% CO 2 before addition 1 mL of fresh medium. Plates were incubated further at 35.5 C and 6% CO 2 for five days and then fixed with crystal violet stain. E max was determined as a maximum of neutralization mAb effect (%); IC 50 and E max values were determined using Prism 5.0 software (GraphPad) after log transformation of antibody concentration using a 3-parameter nonlinear fit analysis of antibody log 10 concentration versus response with R 2 values greater than 0.85, as described previously (Thornburg et al., 2013) .
In Vivo Protection Study
To test the effect of mAbs on respiratory tract infection, six-to eight-week old male C57BL/6 mice were injected i.p. with 100-200 mg of individual mAbs or designated mixtures of mAbs (100-200 mg of each mAb), or 5 mg of VIGIV (BEI Resources). Human anti-dengue virus mAb served as mock-vaccinated control. In ABSL-2 facilities, ketamine-xylazine anesthetized mice were inoculated IN with 10 5 PFU VACV-WR in 50 mL, or in some experiments in 10 ml of PBS. In some experiments, mice were inoculated with 10 6 PFU VACV. For virus titer determination, lungs from individual mice were homogenized and plated on confluent BSC-40 cell monolayer cultures. To test the effect of mAbs on disseminated VACV infection, eight-to ten-week old female BALB/c SCID mice were given Abs i.p. either prior to or after VACV inoculation, as detailed in the text. For lethal challenge, mice were inoculated i.p. with 10 5 PFU VACV-WR in 100 ml PBS. Mice were weighed and monitored daily for morbidity, and those losing over 30% of initial body weight were euthanized, per IACUC requirements.
QUANTIFICATION AND STATISTICAL ANALYSIS
The descriptive statistics mean ± SEM or mean ± SD were determined for continuous variables as noted. Comparisons were performed using Wilcoxon rank sum test or the post hoc group comparisons in ANOVA; all tests were two-tailed and unpaired. Survival curves were estimated using the Kaplan Meier method and curves compared using the log rank test with subjects right censored, if they survived until the end of the study. * -p < 0.05; ** -was used to reject a ''null hypothesis.'' * = p < 0.05; ** = p < 0.01; *** -= p < 0.001; ns -non-significant. Statistical analyses were performed using Prism v5.0 (GraphPad). Figure S1 . Human Anti-D8 and Anti-H3 MAbs Targeted Diverse Epitopes of the Major VACV Surface Antigens, Related to Figure 1 Anti-D8 and anti-H3 mAbs from our panel were assessed for competitive binding to D8 and H3 proteins by biolayer interferometry. MAbs were judged to compete for the same site if maximum binding of second antibody was reduced to % 39% of its un-competed binding (shown in black boxes). The mAbs were considered non-competing if maximum binding of second mAb was R 61% of its un-competed binding (shown in white boxes). Gray boxes indicate an intermediate phenotype (competition resulted in between 40% and 60% of un-competed binding). Blue, yellow, cyan, green, and red dashed lines indicate designated competition groups. Antibodies that were selected for in vivo protection studies shown in red color. Two anti-H3 mAbs, MPXV-72 and MPXV-1, did not bind to antigen in biolayer interferometry and were distinguished as separate group from other anti-H3 mAbs. Figure S2 . Cross-Reactivity of Human MAbs to Orthopoxviruses, Related to Figure 1 Cross-reactivity of individual mAbs to different orthopoxviruses were assessed by ELISA using infected cell lysates or purified recombinant protein antigens.
(A) Examples of mAbs within the panel that exhibited cross-reactivity to VACV, CPXV, MPXV, and VARV-infected cell lysates. Reactivity to VARV-infected cell lysate was measured at single mAb dilution as detailed in Table S3 , ND indicates not determined.
(B) Examples of four mAbs within the panel that exhibited cross-reactivity to VACV and VARV protein antigen orthologs. These four mAbs were included in mAb mixtures MIX4 and MIX6, which later were assessed for protective capacity in vivo. Data represent one of two independent experiments, shown as mean ± SD of assay triplicates. Figure S3 . Cross-Neutralizing Activity of Human mAb Mixtures, Related to Figure 3 Cross-neutralizing activity of MIX6, MIX4, or VIGIV was assessed using MV-and EV-neutralization assays for VACV, CPXV, MPXV and VARV (MV form only for VARV). Data represent one of two independent experiments, shown as mean ± SD of assay triplicates.
